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ABSTRACT: Prostaglandins play a critical physiological role in both cardiovascular and 
immune systems, acting through its interactions with 9 prostanoid G protein-coupled receptors 
(GPCRs). These receptors are important therapeutic targets for a variety of diseases including 
arthritis, allergies, type 2 diabetes, and cancer. The DP prostaglandin receptor is of interest 
because it has unique structural and physiological properties. Most notably, DP does not have the 
3-6 ionic lock common to Class A GPCRs.  However, the lack of x-ray structures for any of the 
9 prostaglandin GPCRs hampers the application of structure-based drug design methods to 
develop more selective and active medications to specific receptors. We predict here 3D 
structures for the DP prostaglandin GPCR, based on the GEnSeMBLE complete sampling with 
hierarchical scoring (CS-HS) methodology. This involves evaluating the energy of 13 trillion 
Page 1 of 62
ACS Paragon Plus Environment
Journal of Chemical Theory and Computation
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
 2
packings to finally select the best 20 that are stable enough to be relevant for binding to 
antagonists, agonists, and modulators. To validate the predicted structures, we predict the 
binding site for the Merck cyclopentanoindole (CPI) selective antagonist docked to DP. We find 
that the CPI binds vertically in the 1-2-7 binding pocket, interacting favorably with residues 
R3107.40 and K762.54 with additional interactions with S3137.43, S3167.46, S191.35, etc. This 
binding site differs significantly from that of antagonists to known Class A GPCRs where the 
ligand binds in the 3-4-5-6 region. We find that the predicted binding site leads to reasonable 
agreement with experimental Structure Activity Relationships (SAR). We suggest additional 
mutation experiments including K762.54, E1293.49, L1233.43, M2706.40, F2746.44 to further validate 
the structure, function, and activation mechanism of receptors in the prostaglandin family. Our 
structures and binding sites are largely consistent and improve upon the predictions by Li et. al15 
that used our earlier MembStruk prediction methodology. 
I. Introduction 
Prostaglandins are lipid-based compounds containing 20 carbons, a cyclopentane ring, 
and several oxy functionalities. Figure 1 shows the prostaglandin D2 compound (PGD2) that 
binds to the prostaglandin DP1 and DP2 receptors. Prostaglandins are associated with a broad 
array of diseases including asthma, inflammation, cancer, cardiovascular disease, allergies and 
hypertension1. In humans, it is known that presence of an allergen can cause mast cell production 
of PGD2. The DP1 receptor has been shown to mediate allergic inflammation, increasing blood 
flow through vasodilation, thereby contributing to nasal congestion2. Additionally, multiple 
studies3,4 have verified PGD2 activity in the brain including sleep regulation, neuroprotection, 
and hyperalgesia.  
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The prostaglandins function through interactions with 
one or more of the nine prostaglandin receptors5, 
which are G protein-coupled receptors (GPCRs), with 
seven helical transmembrane domains (TMD). There 
are eight well-known prostaglandin receptors (DP, 
EP1-4, FP, IP, and TP), plus a ninth, the recently identified chemoattractant receptor expressed 
on Th2 cells (CRTH2). The DP receptor is activated by PGD2, the EP 1, 2, 3, 4, receptors are 
activated by the corresponding endogenous ligand PGE2, the FP receptor is activated by PGF2, 
the IP receptor is activated by PGI2, and the other two receptors are activated by thromboxane 
TXA2. Unfortunately, there are no x-ray structures for any prostaglandin GPCR, and they are 
quite distinct from available x-ray structures (Figure 2A) making it difficult to use structural-
based approaches to design more effective and selective ligands for therapeutic purposes.  
We focus here on the DP1 receptor, which differs substantially from the other prostanoids 
and is the least understood6 of the prostaglandin receptors. Accurate 3D structures60 for these 
prostanoids receptors would provide the basis for structure-based drug discovery and application, 
particularly for the development of selective agonists and antagonists that might decrease side 
effects. 
II.  Prostaglandin DP Receptor Unique Structural Characteristics 
The DP receptor is structurally diverse from all other Class A GPCRs including adrenergic, 
dopamine, rhodopsin, and adenosine receptors (Figure 2A, 2B) 7. For example: 
• The arginine in the D/ERY motif is conserved in 97%8 of Class-A GPCRs, but for DP 
this aligns with the ECW motif.  
Figure 1. Prostaglandin D2 
Compound (PGD2) 
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• The tryptophan (W4.50) on TM4 conserved in Class A GPCRs aligns with serine for the 
DP receptor.  
• The WxP motif on TM6 for Class A GPCRs aligns with SxP on the DP receptor.  
• The NPxxY motif on TM7, conserved on Class A GPCRs, corresponds to the DPxxF/Y 
motif on the DP receptor. 
III. Methods 
Our strategy for determining the structure of GPCR proteins is to start with a template for the 7 
TMDs (based usually on x-ray structures), and then to sample a large number of conformations 
generated by simultaneous rotations about the axes and tilts of the helix axes. This procedure is 
called the GPCR ensemble of structures in membrane bilayer environment or GEnSeMBLE11. 
As described below, we evaluate the energy of 13 trillion conformations, which we consider a 
complete set of helix rotations and tilts, but the energy scoring is approximate, being based on 
adding the pair wise interactions (BiHelix) between helices. Using this approximate energy 
scoring of all 13 trillion, we reduce to a smaller set of 2000 that are built into 7-helix bundles and 
rescored to select a final set stable enough to play a role in function. We refer to this type of 
method as Complete Sampling-Hierarchical Scoring (CS-HS).  It involves the following 
sequence of steps: 
• a. PredicTM. Use the alignment of the DP sequence with other GPCRs to predict the 
hydrophobicity along the sequence which is used to define each TMD and determines the 
hydrophobic center (HPC) which is taken at z=0 for placement on the x-y mid-membrane 
plane. Use secondary structure servers to predict extensions of the helical domain beyond 
the membrane.  
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• b. Select a template (from an x-ray study or previous predictions) to specify the initial x 
and y positions on the z=0 plane and the initial tilts (θ, ϕ) with respect to the z axis and 
prediction of the shape (non-helical distortions) of the TMDs to be used in steps c and d. 
• c. Exhaustive (127 = 35 million) simultaneous sampling of the rotation angles η (BiHelix) 
of the seven TMs about their axes. 
• d. Exhaustive ((5*5*3)7 = 13 trillion) simultaneous sampling of rotations and tilts: η, θ, ϕ 
(SuperBiHelix) of the seven TMs. 
This procedure has been successful for predicting structures and binding sites for several GPCRs 
(CCR561, CB162, AA311, Kappa opoid63, TAS2R387, GLP-1R64, TasTR2/TR3 heterodimers65).  
A. Prediction of the Initial Helical Bundle  
From the PredicTM method11, we generated a hydrophobicity profile (Figure S2) to predict 
which part of the DP sequence corresponds to each transmembrane helix (Figure S1). Since the 
x-ray structures for some GPCRs show clearly that the helical conformations can extend outside 
the membrane surface34,41,42, PredicTM also uses secondary structure predictions to predict TMD 
for which the alpha helices should extend past the membrane. For a more detailed description of 
how the hydrophobicity profile was generated, please refer to SI Section I.A.  
B. Template for the 7-helix bundle and Shape of TMD 
B.1 The template. Figure 2A lists the sequence identities to DP for various published structures 
(both x-ray and predicted). The GPCR with known x-ray structure closest to DP is Dopamine D3 
with 15.32% sequence identity (21.03% for TMD). We denote this template as the DRD3 
template or DRD3/T. 
In addition, we use as a template the structure predicted in 200715 using our earlier MembStruk 
method, which we denote as the DP-Li template or DP-Li/T. This previous MembStruk method 
Page 5 of 62
ACS Paragon Plus Environment
Journal of Chemical Theory and Computation
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
 6
rotated each helix sequentially (after a minimization). We expected that our current method that 
rotates all helices simultaneously might provide a better structure7, 10-13, 53, 61-65. Since the shape 
was optimized for the same sequence, it is likely to be more accurate than OptHelix. 
B.2 The Helix Shapes. Although the dominant structure of the TMD is lpha-helical, the kinks 
and distortions distort the shape from a perfect helix. We considered two ways to specify helical 
shapes: 
• For DP-Li/T, we use the shape from the previously optimized structure and the shape 
obtained from OptHelix MD and minimization denoted as DP-Li/Topt. 
• For DRD3/T, we consider the shape from homology denoted at DRD3/T. 
The OptHelix (55) process starts with the lpha-helical shape and uses MD to determine the 
initial structure, which might have kinks induced by helix breakers such as prolines. Specifically, 
to avoid extraneous distortions due to large polar side chains, OptHelix replaces all residues 
except Pro, Gly, Ser and Thr with Ala. Then, the TMD is subjected to 2 ns molecular dynamics 
(MD), after which the average structure is selected, the correct residues restored using 
SCREAM14, and the system is energy minimized.  
C. BiHelix  
Since there is no x-ray structure for any GPCR close to DP (Figure 2A), we consider that 
the seven rotation angles η might each have any value from 0 to 360º. Previous GEnSeMBLE 
studies have found that it is sufficient to sample each TMD rotation angles in 30º increments (12 
total values). Since we want to sample all possible combinations of rotations, we consider all 
(12)7 = 35 million conformations. In order to reduce the cost of calculating the energies for 35 
million 7-helix bundles, we developed the BiHelix mean field protocol in which the 12 pairs of 
adjacent helices (1-2, 2-4, 4-5, 5-6, 6-7, 7-1 and all six with coupled with TM3) are examined for 
Page 6 of 62
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all (12)2 = 144 combinations, where for each combination the side chains are optimized with 
SCREAM14 and the structure minimized for 10 steps to eliminate bad contacts. We then use 
these 12*144=1728 pair-wise energies, to estimate the energy for all 35 million combinations, 
ignoring any incompatibilities of the side chains from one pair with another (mean field). We 
then select the lowest 2000 for constructing the full 7-helix bundles, again optimizing the side 
chains using SCREAM14 followed by 10 steps of minimization, a procedure referred to as 
ComBiHelix. From this set of 2000, we select the lowest 10 to 20 for further analysis. We have 
found that applying this approach to a known x-ray structure essentially always finds the x-ray 
structure10 to be the lowest in ComBiHelix, validating the use of the scoring function (Dreiding 
Energy with SCREAMed side chains) and the BiHelix procedure to identify the best packings.  
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Figure 2. A. (Left) The sequence identity of the prostaglandin DP receptor with other G protein-
coupled receptors (GPCRs) for which there are X-ray structures or with accurately predicted 
structures. The highest homology is with dopamine but it is only 15%. B. (Right) The 
phylogenetic tree with the other prostaglandin receptors shows that DP receptors are the most 
related to PE2R2, but DP is one of the least similar and studied receptors of the prostanoid 
group. 
Figure 3. The coordinate system used to describe the orientation of the seven helices in a G 
protein-coupled receptor (GPCR) bundle. Taking a common x-y plane for the hydrophobic 
center of each helix, θ is the tilt of the helix axis with respect to the z axis while ϕ is the 
projection of this axis on the x-y plane (where ϕ=0 is the x axis); and η is the rotation about the 
helix axis. The x and y are the coordinates of the helix axis intersecting the plane, where (x,y) = 
(0,0) is the projection of the central axis of TM3 onto the xy plane and the y axis points to the 
projection of TM4 onto this plane. The BiHelix analysis examines the interactions between the 
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12 strongly interacting helices. Double arrows connecting nearest neighbor helix pairs that are 
sampled independently in the BiHelix10 procedure. The standard BiHelix procedure was 
modified for the DP structural analysis. Rather than sampling the rotations of all 7 helices 
simultaneously, we first sampled all helix rotations of the 1-2-7 helices simultaneously, and then 
selected 4 or 5 diverse cases from the 10 lowest energetic structures for sampling the 3-4-5-6 
helix rotations simultaneously. The reason for this change in the standard BiHelix procedure is 
that the protonated water (or Na+) likely to compensate for the charge on the D722.50 in the 
middle of TM2 is ignored in the BiHelix analysis, making recognition of the most favorable 1-2-
7 packings more difficult. This dual sampling process DuplexBiHelix allows the best 1-2-7 
packings to accommodate this H3O
+ to be more clearly recognized. 
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In comparing energies, we consider two ways to evaluate energies: 
• Interhelical: The sum of the 12 sets of interhelical interactions (ignoring intrahelical 
contributions) 
• Total energy: The sum of all energetic interactions (including interhelical and 
intrahelical contributions) 
We find that intrahelical energies are sensitive to the helix shape obscuring the choice for the 
best packing. Thus, we consider that the interhelical energies are more sensitive for selecting the 
optimal packing of the TMD. Even so, we also examine the cases with best total energy. 
For each of these two sets of energy we consider two models for evaluating the energies 
• Charge model (Normal Coulomb): each Lys and Arg residue have a net charge of +1 
while each Asp or Glu have a net charge of -1 and each unprotonated His has a charge of 
0. 
• Neutral model: For each salt bridge the SCREAM14 program transfers the proton from 
the acceptor back to the donor so that the residues are neutral. For isolated charged 
residues, the residues are still neutralized by adding or subtracting a proton. 
With charged residues, the long-range of the Coulombic interactions can sometimes result in 
major re-ordering in packing energies for relatively unimportant changes in side chain 
placements of remote residues56. Such biases are removed in the neutralized model. We 
generally rank the structures using all four criteria, but with more emphasis on the neutral 
energies, which has been demonstrated to select the best final structure for many predicted 
systems7, 11-13. 
An important issue for many class A GPCRs is that the conserved Asp2.50 in the middle of 
TM2, usually has no nearby positive residue with which to form a salt bridge. Thus, we expect 
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that the real structure will have a charge compensating H3O
+ or Na+ coupling to the conserved 
Asp and perhaps also the Asn in TM1 and TM7 that is often coupled to the Asp43-45.  However, 
our scoring criteria for BiHelix does not include this positive center, which we expect may cause 
noise in estimates for the energy orderings. Even so most of our previous predictions of lowest 
energy GPCR structures identify correctly the 1-2-7 coupling in most of the low energy 
conformations. For DP there is an additional complication because the positive Lys2.54 is just one 
turn up from the conserved Asp2.50 residue. Consequently, we find that the lowest 2000 structures 
from BiHelix leads to very few cases with strong 1-2-7 couplings or even 2-7 interactions. In 
order to better identify 7 helix bundles that have strong 1-2-7 couplings, we modified the 
standard BiHelix procedure by breaking it into 2 steps as follows (Figure 3):   
• First, we carried out BiHelix for the (24)3=13,824 combinations of the 1-2-7 helices 
(using 15º increments in η), from which we selected the best 1000 for CombiHelix.   
• Then, for each of these top 1000 structures, we used BiHelix to estimate the energies for 
the (24)4 ~ 330,000 combinations of TMD 3, 4, 5, 6. Then, the energies of these ~4 
billion 7-helix systems were compared to select the best 2000.  
• Finally, CombiHelix was used to evaluate the energy for these 2000 7-helix bundles, 
from which we selected the 20 best for docking.   
This DuplexBiHelix procedure finds many more configurations in the best 20 that have good 
interactions among the 1-2-7 helices. For instance, we find starting with DP-Li/T led to 9/20 
structures with strong 1-2 interactions N341.50 – K762.54 and 11/20 structures with 2-7 
interactions, namely either D722.50 – S3167.46 or K762.54 – S3167.46. Additionally, we find 17/20 
structures, where the conserved D722.50 forms a salt-bridge with K762.54.  
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We carried out this DuplexBiHelix procedure using all three templates: DP-Li/T, 
DRD3/T, and DP-Li/Topt leading to 2000 structures from which we picked the best 20 
CombiHelix structures listed in SI Table 1 and 2. (SI Table 1 and 2 lists the lowest energy 
structures for each of the selected templates).  
After sampling TM1, 2, or 7, we see the initial minimized DP-Li/T and DRD3/T 
templates with 0 rotation for TM1, 2, and 7 is in the best 10 structures. For DP-Li/Topt, we see 
the top 10 structures are mixed in that some of the structures have large changes (255° – 285°) in 
at-least one of helices for TM1, 2, or 7 compared to the template, whereas other structures have 
smaller changes (15° - 45°) compared to the template structure (SI Table 1). We note that for the 
DRD3/T and DP-Li/Topt top structures with smaller changes in TM1, 2, or 7 compared to the 
template, the structures form an identical 1-2-7 interaction, when compared to the DP-Li/T case. 
For DP-Li/Topt structures with larger changes in TM1, 2, or 7, these structures form an identical 
D722.50-K762.54 salt bridge, but have different 1-2-7 interactions compared to DP-Li/T, including 
T291.45 – K762.54 and K762.54 -S3137.49.  
In analyzing the top structures on all 3 templates DP-Li/T, DRD3/T, and DP-Li/Topt 
after our DuplexBiHelix procedure, we note some common interactions. In addition to the shared 
residues for the 1-2-7 interhelical interactions (N341.50, D722.50, K762.54, S3167.46), we find that 
the top structures from all 3 templates share the following favorable salt-bridges:  D722.50 - 
K762.54, R2846.54 – E3047.34, K2916.61 – D2926.62. We find the D722.50 - K762.54 salt bridge is of 
significance, since our DuplexBiHelix procedure aims to find a positive charge partner for the 
Asp in the middle of TM2 and since K762.54 is unique to the DP receptor. Additionally, as our 
alignment indicates (Figure S1), both R2846.54 – E3047.34 and K2916.61 – D2926.62 are not 
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conserved in the prostaglandin receptor family, which indicates that these salt-bridge interactions 
uniquely provide functional stability to TM6 and TM7 of the DP receptor.  
Unique to the DP-Li/Topt top-ranked structures, we find a large rotation about TM3, 4, 
and 5 (SI Table 2). Of note, we find largest changes for TM3 in DP-Li/Topt compared to the 
other two templates. As a result, we find a unique strong (-42.87 kcal/mol for the top-ranked DP-
Li/Topt receptor) salt-bridge interaction between E1293.49  – R2235.55, where R2235.55 is unique 
to the DP receptor. In comparing DP-Li/Topt and DP-Li/T, we find this TM3-5 interaction 
comes at the cost of other TM3-7 interactions found in the DP-Li/T top structures such as 
D3197.49– S1193.39/Q1223.42, which were previously predicted in agonist and antagonist dynamic 
studies to be critical for receptor stability and potentially DP activation15.  
Within the DRD3/T top-ranked structures, we find large rotations of TM5 and relatively 
minor rotations for TM3, 4, and 6. Due to the large change about TM5, we find the formation of 
many favorable intrahelical hydrogen bonds on TM5 and new interactions between TM3 and 5. 
For instance, we find strong intrahelical hydrogen bonds between N2185.50 – L2195.51, L2195.51 – 
R2235.55, and T2145.46 – N2185.50, which would likely contribute functional stability as the 
receptor undergoes conformational changes. We also find unique hydrogen bond interactions 
between TM3 – 5, such as W1313.51 – Q2335.65, where both the bond acceptor and donor are 
unique to the DP receptor within prostaglandin family.  
Looking at the DP-Li/T top-ranked structures, we see that the top 10 structures have big 
changes in the rotation about TM4 (SI Table 2) with some changes in TM 3, 5, 6, but all 
maintain the initial 1-2-7 coupling. This gives confidence in the interhelical contacts and position 
of residues involved in binding, while providing a better arrangement of the residues on TM4. 
Within the DP-Li/T top structures compared to the other two templates, we find a unique 
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favorable interaction (-7.7 kcal/mol) between R2305.62 – H2636.33, where both charged partners 
are conserved in the hE2R2 and hIP prostaglandin receptor family. In addition, much like the 
DRD3/T top-ranked structures, we find strong intrahelical and interhelical interactions on TM5 
and TM6, including T2145.46 – N2185.50, R2235.55 – T2716.41, T2756.45 – M2766.46.  
In summary, due to our DuplexBiHelix methodology, we are able to find favorable 1-2-7 
interactions and unique interhelical interactions with residues on TM3, 4, 5, 6 in each template. 
However, since DP-Li/T top-ranked structures are able to capture both favorable intrahelical 
interactions (found in DRD3/T top-ranked structures) and strong interhelical hydrogen bonds, we 
conclude that the top-ranked DP-Li/T structures are more favorable compared to structures 
derived from DP-Li/Topt and DRD3/T. In addition to DP structural predictions, the 
DuplexBiHelix modification of GEnSeMBLE substantially improves the accuracy while 
reducing the cost. This should be valuable for other applications to GPCRs structure prediction. 
In particular, sampling the TM1-2-7 coupling first can better account for the charged Asp2.50 
residue in the middle of TM2, which may actually be coordinated to H3O
+ or Na+. 
D. SuperBiHelix 
The BiHelix procedure optimizes the contacts between the helices for rigid rotations, but 
we know from comparisons of various x-ray structures that the tilts from the z-axis (θ, relative 
perpendicular to the membrane) can change by 10° and that the azimuthal angle φ for this tilt in 
the membrane plane can change by up to 40°10. Thus we must also consider the helix tilts (θ, ϕ) 
simultaneously with the rotation (η). We do this using the SuperBiHelix procedure in which each 
of the best combinations of rotations from BiHelix is followed by simultaneous changes in all 
three angles. Previous studies showed that applying SuperBiHelix to the known x-ray structure 
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of one GPCR leads correctly to the known x-ray structure for another GPCR as the lowest 
energy66.  
We applied the SuperBiHelix procedure to the 5 most diverse of the top 10 
DuplexBiHelix structures (structures 1, 4, 6, 8, 10 from Table S2) for the DP-Li/T structures. We 
also carried out SuperHelix on a diverse set of structures from the DuplexBiHelix level for the 
DP-Li/Topt structures (1, 3, 9, 10) and DRD3/T structures (1, 5, 10). Here we consider 
simultaneous variations of  
• 0, ±10 in θ,  
• 0, ±20, ±40 in φ, and  
• 0, ±15 in η  
leading to (3*5*3)7 = 373 billion combinations.   
We evaluated the energies for all 373 billion combinations using the DuplexBiHelix 
methodology of SuperBiHelix and selected the best 2000. We built these 2000 into 7-helix 
bundles, used SCREAM14 to optimize side chains, and carried out limited minimization. Finally, 
based on the combinations of the rankings for the four sets of energies, we selected the best 20 7-
helix bundle conformations shown in Table 1 as the ensemble of apo-protein structures, which 
we used for ligands. 
In summary, since we find that strong 1-2-7 interhelical interactions, stabilizing salt-
bridges, 3-7 interhelical, and intrahelical interactions in DP-Li/T structures are maintained, we 
predict that these ranked structures will produce the most optimal predicted binding mode. In SI 
Section II.A, we have conducted a more detailed comparison of the DP-Li/T, DRD3/T, DP-
Li/Topt structures. To further understand which receptor interactions are most likely in the 
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inactive receptor, we docked the ligand to a selected subset of receptors from the SuperBiHelix 
level for all 3 templates.   
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Table 1. SuperComBiHelix Results for DP Receptor with: (a) DP Receptor based on previous 
computational MD DP structure (DP-Li/T), (b)  GEnSeMBLE OptHelix DP helices (based on 
the previous computational DP template  (DP-Li/Topt) (c) Dopamine (DRD3) Homology  
Template (DRD3/T) φ, θ, and η Values. 
 
receptor variants at the          
SuperbiHelix level
top n
Rank from 
DuplexBiHelix 
Procedure
H1 H2 H3 H4 H5 H6 H7 H1 H2 H3 H4 H5 H6 H7 H1 H2 H3 H4 H5 H6 H7 CInterH CTotal NInterH NTotal
Previous Computational MD DP Model 1 1 10 0 -10 0 -10 0 0 15 -30 0 15 0 15 15 0 -15 0 -15 0 0 0 -425.973 -225.349 -353.296 -203.036
Neutral Total Energy Ranks 2 1 10 0 -10 0 -10 0 0 15 -30 0 15 0 15 15 0 -15 0 0 0 0 0 -429.468 -219.599 -358.229 -196.996
Top Structures (DP-Li/T) 3 1 10 0 -10 -10 -10 0 0 15 -30 0 15 0 15 15 0 -15 0 30 0 0 0 -421.999 -224.559 -346.709 -196.716
4 1 10 0 -10 0 -10 0 0 15 -30 0 30 0 15 15 0 -15 0 0 0 0 0 -421.536 -208.839 -346.449 -192.080
5 1 10 0 -10 10 -10 0 0 15 -30 0 30 0 15 15 0 -15 0 0 0 0 0 -421.435 -219.780 -347.394 -191.188
6 8 0 -10 -10 0 0 0 -10 0 0 30 0 15 -30 -15 30 0 30 15 -30 15 -15 -416.474 -204.899 -334.066 -190.200
7 1 10 0 -10 10 -10 0 0 15 -30 0 30 0 15 15 0 -15 0 15 0 0 0 -424.462 -214.348 -350.622 -189.836
8 4 0 -10 -10 10 0 0 -10 0 -15 15 15 0 0 0 0 0 0 0 -15 15 0 -402.400 -190.459 -339.178 -187.321
9 4 -10 -10 -10 10 0 0 -10 0 30 15 0 0 0 -15 0 -15 15 -15 -15 15 -15 -411.305 -188.299 -356.999 -186.258
10 6 0 0 0 -10 0 0 -10 0 0 0 -15 0 0 15 0 0 0 15 -15 15 0 -405.315 -208.828 -347.849 -185.656
11 8 0 -10 -10 0 -10 -10 -10 0 0 15 0 15 -30 -15 15 0 30 0 -15 15 -15 -366.314 -185.158 -298.117 -185.360
12 8 -10 -10 -10 0 0 0 -10 0 30 30 0 15 -30 -15 30 0 30 0 -30 15 -15 -422.042 -196.169 -332.056 -182.133
13 8 0 -10 -10 10 0 0 -10 0 -15 30 30 15 -30 -15 30 0 30 0 -30 15 -15 -410.598 -201.089 -318.903 -181.581
14 6 0 -10 -10 10 0 0 -10 0 0 15 15 0 0 -15 15 0 30 -15 -30 30 -15 -387.316 -177.999 -314.030 -181.062
15 8 0 -10 -10 0 -10 -10 -10 0 0 15 0 15 -30 -15 15 0 30 15 -15 15 -15 -370.044 -188.870 -303.429 -180.947
16 8 0 -10 -10 0 0 0 -10 0 0 30 0 15 -30 -15 30 0 30 30 -30 15 -15 -411.968 -198.338 -328.925 -180.825
17 1 10 0 -10 0 -10 -10 -10 15 -30 -15 15 0 0 15 0 -15 0 0 -15 0 0 -431.208 -203.898 -365.255 -180.570
18 6 0 -10 -10 0 0 0 -10 0 0 15 0 0 0 -15 15 0 30 -30 -30 30 -15 -380.001 -181.068 -303.736 -180.019
19 8 0 -10 -10 10 0 0 -10 0 0 30 30 15 -30 -15 15 0 30 0 -30 15 -15 -406.144 -205.860 -321.193 -179.529
20 1 10 0 -10 0 0 0 0 0 -15 0 0 0 15 15 15 -30 0 -30 -15 0 0 -414.024 -198.070 -346.804 -179.089
GeNSEMBLE DP OptHelix Model 1 10 -10 0 0 0 -10 -10 -10 -15 15 0 0 -15 -15 -15 0 0 0 15 30 30 -30 -455.137 -517.769 -341.227 -502.160
Neutral Total Energy Ranks 2 10 0 0 0 10 -10 -10 -10 0 0 0 15 -15 -30 -30 0 0 0 15 30 30 0 -432.668 -529.230 -330.186 -501.530
Top Structures (DP-Li/Topt) 3 10 -10 0 0 0 -10 -10 -10 -15 15 0 15 -15 -30 15 0 0 0 15 30 30 -30 -418.466 -513.279 -331.354 -501.099
4 10 -10 0 0 0 -10 -10 -10 0 15 0 15 -15 -15 -30 15 0 0 15 15 30 -15 -483.801 -511.118 -348.120 -498.837
5 10 0 0 0 0 -10 -10 -10 0 0 0 15 -15 -30 -30 0 0 0 15 30 30 0 -431.149 -521.360 -332.617 -498.319
6 10 -10 0 0 0 -10 -10 -10 0 15 0 0 -15 -30 -30 15 -15 0 15 30 30 -30 -473.837 -520.480 -356.634 -496.069
7 10 -10 0 0 10 -10 -10 -10 0 15 0 15 -15 -15 0 15 0 0 15 15 30 -30 -490.023 -521.078 -362.484 -495.435
8 10 -10 0 0 0 -10 -10 -10 -15 15 0 15 -15 -15 -15 0 0 0 30 30 30 -30 -454.290 -507.599 -341.969 -493.892
9 10 -10 0 0 0 -10 -10 -10 0 15 0 15 -15 -15 -15 0 0 0 15 15 30 -30 -454.047 -510.110 -346.187 -493.239
10 10 -10 0 0 0 -10 -10 -10 -15 30 0 0 -15 -30 -30 0 0 0 15 30 30 -30 -480.265 -487.299 -347.841 -493.182
11 10 -10 0 0 0 -10 -10 -10 -15 15 0 0 -15 -30 15 0 0 0 15 30 30 -30 -426.609 -506.249 -339.136 -492.733
12 10 -10 0 0 0 -10 -10 -10 0 15 0 30 -15 -15 -15 0 0 0 0 15 30 -30 -458.672 -502.879 -338.908 -492.165
13 10 -10 0 0 0 -10 -10 -10 -15 15 0 15 -15 -15 15 0 0 0 15 15 30 -30 -454.482 -528.329 -350.717 -491.930
14 10 -10 0 0 0 -10 -10 -10 0 15 0 30 -15 -30 -30 0 0 0 30 30 30 0 -424.991 -496.540 -318.897 -491.514
15 10 -10 0 0 0 -10 -10 -10 -15 15 0 0 -15 -15 -15 0 0 0 15 15 30 -30 -470.541 -520.680 -349.157 -490.693
16 10 -10 0 0 0 -10 -10 -10 -15 15 0 0 -15 -30 -15 0 0 0 15 30 30 0 -465.005 -496.179 -346.144 -489.987
17 10 -10 0 0 0 -10 -10 -10 0 15 0 15 -15 -30 -30 0 0 0 15 30 30 0 -435.088 -485.810 -334.102 -489.908
18 10 -10 0 0 0 -10 -10 -10 0 15 0 15 -15 -30 -30 15 -15 0 0 30 30 -30 -469.810 -508.128 -358.969 -489.134
19 10 -10 0 0 10 -10 -10 -10 -15 15 0 15 -15 -15 15 0 0 15 15 15 0 -30 -430.489 -538.160 -320.658 -489.105
20 10 -10 0 0 0 -10 -10 -10 0 15 0 0 -15 -30 -30 0 0 0 15 30 30 0 -450.795 -478.310 -347.810 -488.636
Dopamine DRD3 DP Homology Model 1 10 0 0 0 0 0 -10 0 0 0 0 -30 0 -15 0 -15 0 0 -15 0 0 30 -444.434 -348.699 -401.306 -353.459
Neutral Total Energy Ranks 2 10 0 0 0 0 0 -10 0 0 0 0 -30 0 -30 0 -15 0 0 -15 0 0 30 -428.620 -338.349 -382.661 -344.114
Top Structures (DRD3/T) 3 10 0 0 0 0 0 -10 0 -15 0 0 -30 0 30 0 0 15 0 -15 0 15 15 -433.389 -328.459 -384.886 -341.872
4 10 10 0 0 0 0 -10 10 -15 0 0 -30 0 -15 15 -15 0 0 -15 0 15 30 -430.121 -325.659 -376.854 -339.339
5 1 10 0 0 0 0 0 10 -15 -15 0 -30 15 -30 15 -15 0 0 0 -15 -15 30 -410.890 -299.790 -358.349 -334.957
6 10 0 0 0 0 0 -10 0 0 0 0 -30 0 -30 0 0 0 0 -15 0 0 30 -437.022 -324.019 -390.107 -332.928
7 1 0 0 0 0 0 0 10 -15 0 0 -30 15 -30 15 -30 0 0 0 0 -15 30 -446.642 -330.550 -348.532 -332.785
8 1 0 0 0 0 0 0 0 0 0 0 -30 -15 0 0 0 0 15 -15 0 0 0 -434.588 -319.318 -373.121 -332.301
9 10 10 0 0 0 0 -10 10 -15 0 0 -30 0 -30 15 -15 0 0 -15 0 15 30 -433.699 -333.219 -387.640 -330.033
10 1 10 0 0 0 0 0 10 -30 0 0 -30 15 -30 15 0 0 0 0 0 -15 30 -418.328 -306.150 -329.662 -328.359
11 1 0 0 0 0 0 0 0 0 0 0 -30 -15 0 0 0 15 0 0 0 0 0 -444.775 -332.429 -382.527 -327.815
12 10 0 0 0 0 0 -10 10 -30 0 0 -30 0 -15 15 15 0 0 -15 0 0 15 -449.665 -327.229 -372.668 -327.191
13 1 0 0 0 0 0 0 10 -15 0 0 -30 -15 0 15 -15 0 0 0 0 0 0 -419.554 -310.718 -362.598 -327.020
14 10 0 0 0 0 0 -10 10 -15 0 0 -30 0 -15 0 0 0 0 -15 0 30 30 -409.786 -322.548 -358.921 -326.915
15 10 0 0 0 0 0 -10 10 -15 0 0 -30 0 -15 15 -30 0 0 -15 0 15 30 -465.029 -345.749 -384.871 -326.537
16 1 0 0 0 -10 10 0 10 -15 -15 0 30 15 -30 15 -30 0 0 -15 0 -15 30 -416.538 -293.039 -353.980 -325.894
17 10 0 0 0 0 0 -10 -10 0 0 0 -30 0 15 -15 -15 0 0 -15 0 0 0 -452.556 -340.989 -380.279 -325.428
18 10 0 0 0 0 0 -10 10 -15 0 0 -30 0 -15 15 0 0 0 -15 0 15 30 -445.240 -341.739 -373.948 -325.305
19 1 10 0 0 -10 10 0 10 -15 -15 0 30 15 -30 15 -15 0 0 -15 0 -15 30 -382.798 -273.370 -326.651 -324.674
20 10 10 0 0 0 0 -10 10 -15 0 0 -30 0 -15 15 -15 -15 0 -15 0 15 30 -418.604 -324.030 -356.672 -323.499
θ φ η
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E. Docking 
Next, we docked the CPI antagonist to a subset of the ensemble of 20 apo proteins from 
SuperBiHelix (θ, φ, η sampling) for all 3 helical templates (DRD3/T, DP-Li/T, and DP-Li/Topt) 
based on a subset of structures from the top 20 wild-type (WT) neutral total energy rankings 
(Table 1). Ultimately, we decided on the structures from SuperBiHelix to use in docking based 
on two criteria. One, we selected diverse structures based on root-mean squared deviation 
(RMSD) to maximize the chance of having different binding sites.  Two, we considered the 
inter-helical interactions found in each top-ranked structure, favoring cases with greater number 
of interhelical hydrogen bonds and salt-bridge contacts.  
Then, for each structure selected we used the Darwin Dock Complete Sampling - 
Hierarchical Scoring (CS-HS) protocol11,57, which samples iteratively a large number (~50,000) 
poses without scoring, then collects them into Voronoi families based on RMSD=2Å, energy 
scores only the family heads, and selects the best 10% of the families for evaluating the energies 
of their children. This allows a rather complete sampling of the binding site, while minimizing 
the number of energy calculations. This docking analysis is carried out by for the alanized 
protein in which the six hydrophobic residues (I, L, V, F, Y, and W) are replaced with Ala. 
Finally, we select the best 100 ligand poses, for each of which we add back the hydrophobic 
residues using SCREAM14. Thus, each of the 100 poses has its own individually optimized side 
chains to accommodate the pose. After minimization, we pick the final best pose or two based on 
energy. Then the ligand-protein complex is neutralized, and the protein-ligand complex 
undergoes full geometrical minimization.  
The above predictions did not include any explicit solvation. We selected the predicted 
lowest energy antagonist-bound receptor complex to further relax and test the stability of 
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predicted interactions under physiological conditions. For the selected complex, our receptor is 
from the SuperCombiHelix top-ranked neutral total energy structures of the DP-Li/T template. 
We selected this complex, since among the docked SuperCombiHelix neutral total energy top-
ranked receptor complexes, it had one of the lowest complex total energies and favorable 
interactions with the antagonist (discussed in Section IV.E). We used the interactions between 
the binding site and receptor to compare antagonist-bound receptor complexes across structures 
from different helical shape templates.  
Based on the unique inter-helical and favorable ligand-receptor interactions, we selected 
the DP-Li/T docked structures for further relaxation in dynamics. In SI Section II.B, we have 
compared the docked structures for DP-Li/T, DP-Li/Topt, DRD3/T in greater detail and have 
elaborated on why DP-Li/Topt and DRD3/T structures were not selected for further relaxation. 
 
Figure 4. RMSD Evolution of each helix backbone of selected DP-Li/T complex during 100 ns 
of MD. The last frame of MD was selected as reference frame. 
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Figure 4 shows the root-mean square deviation (RMSD) change of the helix backbone of 
selected DP-Li/T complex during 100 ns of MD. The RMSD is with respect to the last frame of 
the 100 ns trajectory. The total range of RMSD during the 100 ns MD is 0-4.41 Å. In the last 20 
ns of MD, the total range of RMSD for the complex backbone is 0-1.87 Å. When focusing on the 
RMSD changes of each helix during 100 ns of MD, we find that that all transmembrane (TM) 
regions except TM5 has a total RMSD range from the initial structure from 0 – 2.52 Å. TM5 
RMSD fluctuations range from 0 – 4.41 Å, with changes ranging from 0 – 1.83 Å in the last 20 
ns of MD. This is to be expected, since TM5 is the longest (35 residues) compared to the other 
TM regions in the receptor, meaning it likely has greater conformational flexibility. Figure 7 
(Results & Discussion) also shows the stability of critical hydrogen bonds during 100 ns of MD. 
The RMSD evolution data in conjunction with the stability of important hydrogen bonds implies 
that 100 ns is sufficiently long to reach a stable protein-ligand complex. The MD setup, 
parameters, protocol are described next: 
F. Molecular Dynamics (MD) 
F1. Setup of the Protein-Lipid bilayer system for molecular dynamics 
The protein-ligand complex described above was placed in a 1-palmitoyl 2-oleoyl 
phosphatidylcholine (POPC) lipid-bilayer block, of cross-section 75 Å × 75 Å in the xy-plane, 
with the cytoplasmic side of the protein facing the –z direction. The distance between the layers 
and surface density of lipid molecules were chosen to match those from experiments and from 
fully hydrated lipid-bilayer MD simulations. The phosphatidylcholine head group was solvated 
and some disorder is built into the lipid bilayer patch to obtain a starting structure closer to the 
real lipid environment. This system was then sandwiched between two blocks of size 75 Å × 75 
Å × 15 Å containing pre-equilibrated water molecules. Any lipid and water molecules within 1 Å 
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and 5 Å respectively of the protein are eliminated. The system is then neutralized by adding the 
required numbers of sodium or chloride ions, that are placed randomly in the system but 
avoiding any clashes. This whole setup procedure was implemented using the VMD (Visual 
Molecular Dynamics) package47. The full protein-lipid-water system containing ~37000 atoms 
was used in the molecular dynamics (MD) simulations discussed next. 
F2. Molecular dynamics simulations 
Parameters. The simulations were carried out using NAMD48, a parallelized MD code designed 
for simulating large biomolecular systems. The CHARMM force field49 was used for the protein 
and lipids and the TIP3P potential function50 was used for the water molecules. Periodic 
boundary conditions using the Particle-Mesh Ewald summation method51 with a 12Å cutoff was 
used for calculating long range interactions. The calculations were performed under isothermal-
isobaric conditions (NPT) at 310 K and 1 atm. The temperature is controlled using Langevin 
dynamics (with a coupling coefficient of 5 ps-1) and the pressure is maintained using a 
Langevin-Hoover barostat52. A time step of 1 fs is used throughout this study. 
Simulation protocol: The MD simulations are carried out in 4 steps: 
a) The lipid and water atoms were minimized for 10000 steps keeping the protein and ligand 
atoms fixed. This allows for the lipids and waters to remove any bad contacts with each other 
and the protein or the ligand. 
b) In the second step, the lipid and water atoms were equilibrated under NPT conditions (310K 
and 1atm) for 500 ps, while keeping the protein and ligand fixed. This lets the lipid and waters 
equilibrate in the presence of the protein and fill any gaps around the protein created due to 
system setup. 
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c) Next, the full system (protein-lipid-water) is minimized for 5000 steps, allowing the protein 
and ligand to adjust to the equilibrated lipid and waters. 
d) In the last step, the full system is equilibrated for 100 ns under NPT conditions, of which the 
snapshots are saved every 1 ps.  
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IV. Results and Discussion 
A. Bonding Analysis of WT DP-Li/T Receptors at the SuperbiHelix level 
Multiple hierarchies of structures demand a reliable and consistent method to evaluate 
energies. We ranked the structures according total neutral energies as discussed above.  
As mentioned above, the most stable receptor has a 1-2-7 inter-helical hydrogen bonding 
network (N341.50 – K762.54 – S3167.46), where lysine is unique to the DP receptor in the 
prostaglandin family. This structure also has a 1-2 N341.50 – D722.50 interaction (Figure 5), where 
asparagine and aspartic acid are highly conserved in Class A and prostaglandin receptors. After 
docking and optimizing the binding site, we find an alternate 1-2-7 interhelical bonding network 
N341.50 – D722.50 – S3167.46, which is then stabilized through the dynamics.  Most of the 
receptors (17/20) have a strong interhelical interaction between K762.54 – S3167.46. The S3167.46 
residue possibly anchors the lysine’s position such that the lysine can comfortably make 
interactions with the ligand during activation. 
We find that all twenty of the most energetically favorable WT receptors have strong salt 
bridges between K2916.61 – D2926.62, R2846.54 - D3057.35, E3047.34 - R3077.37, and D722.50 – 
K762.54. The TM6, TM7 salt bridges probably provide stability to the extra-cellular end of TM6 
and TM7 as the receptor undergoes conformational changes. Many other interhelical interactions 
are found in the top 20 energetically favorable receptors. For instance, Q1223.42 and D3197.49 
interact in nine of the twenty lowest energy receptors. This is of relevance since Q1223.42 is 
unique to the DP receptor, and it has been implicated in stabilizing the in-active conformation in 
our previous DP MembStruk model15.  
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As briefly mentioned, the 3D structure of the bovine rhodopsin GPCR, contained an ionic 
lock between Arg on TM3 of the “DRY” motif and the adjacent Glu on TM6 that is widely 
believed to be associated with the inactive GPCR. Thus activation of rhodopsin led to the 
disruption of this ionic lock. In contrast to most Class A rhodopsin GPCRs, DP receptor does not 
have the DRY motif. Instead, the 97% conserved Arg8 at the second position of the DRY motif is 
substituted with Cys for the DP receptor. Indeed, we do not find a 3-6 ionic lock in the top WT 
DP receptor. However, we find two other relevant interactions in five of the top 20 WT 
receptors, namely E1293.49 – R2305.62  and E1293.49– H2636.33. Although these interhelical 
contacts are viable, they do not indicate stability during our dynamics trajectory. 
Figure 5. Top Left: Our final predicted structure has a strong 1-2-7 network (N341.50 – D722.50 – 
K762.54 – S3167.46), where N1.50, D2.50 are conserved in Class A GPCRs. The K2.54 is unique 
to the DP receptor, while the S7.46 is found only in hDP and hE2R2. Top Right: We find in our 
final structure the ligand pocket interacts most prominently with R3107.40, K762.54, S191.35. Some 
of the neighboring residues in the ligand-binding pocket have also been marked, namely 
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M1123.32, S3137.46.  We have also marked S1193.39 – D3197.49 interaction, a hydrogen bond 
stabilized during MD that is implicated in activation.  
Figure 6. Left: The final predicted binding mode from our previous Membstruk15 predictions. 
Right: Predicted binding mode selected from our current MD trajectory. The pharmacophore 
arrangement does not capture the water-mediated interactions between the receptor and the 
ligand. This snapshot shows R7.40 interacting strongly with the ligand, which is consistent with 
the experimental observation that R7.40 is strongly implicated in ligand-binding.  
As mentioned above, we also find a particularly strong salt-bridge between D722.50 - 
K762.54 in the middle of TM2. Previously, it has been shown in the A2AAR receptor
29 that Na+ 
allosterically binds to D722.50 and S1193.39 , conserved in most Class A GPCRs. We find an 
alternate compelling explanation for the behavior of these residues in the hDP receptor. In hDP 
receptor, we find a stable salt-bridge between D722.50 - K762.54 and another stable interhelical 
bond between D3197.49– S1193.39/Q1223.42. Since the K762.54 residue is unique to DP receptor and 
S1193.39 is semi-conserved in the prostaglandin family (found only in hDP, hIP, and hE2R3), we 
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hypothesize that hDP receptor is the only receptor in prostaglandin family that has both of these 
interactions.  
Compared to the previous DP MembStruk model15, we find that our most favorable 
energetic complex shares the same 1-2-7 interaction as well specific 2-7 interactions involving 
N341.50, D722.50, K762.54, and S3167.46. However, we find great improvement in our structure, 
particularly in TM4 and TM5, due to numerous new stabilizing interactions, including G2205.52 - 
N2245.56, P1674.60 - Y2035.36, T2145.46  - N2185.50. These interactions give our structure greater 
helical stability, especially in the inactive conformation.  
B. Selection of Ligand  
We docked the DP prostaglandin receptor to the cyclopentanoindole (CPI) Merck ligand 
((−)-[(3R)-4-(4-chlorobenzyl)-7-fluoro-5-(methylsulfonyl)-1,2,3,4-tetrahydrocyclopenta[b]indol-
3-yl]acetic acid) (Figure 9). We chose this ligand choice because Merck later published detailed 
SAR studies, which allows us to assess the accuracy of the predicted structure. Additionally, 
recent studies have also characterized the cyclopentanoindole (CPI) Merck ligand as the first 
known inverse agonist16. The CPI ligand displays pharmacochaperone activity towards the DP 
receptor16, making it an interesting ligand case to study.  
C. Final Predicted Binding Mode 
After docking the ligand to our top 20 receptors (based on the procedure above), we 
ranked the complexes according to complex total energy (Table 2). We compared the complexes 
based on complex total energy, since it allowed for a consistent comparison of complexes of 
different proteins from our WT hierarchy docked to the same ligand. We then optimized the top 
complex (as described above) to find our lowest energy SCREAMed complex. 
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We discuss the binding of the 4 regions 
of the CPI Merck ligand (Fig. 9) with the 
receptor residues: (1) carboxylic acid (2) sulfonyl 
group (3) benzene ring (4) indole ring. We have 
also indicated the total energy contribution of the 
residue interaction with the CPI antagonist.  
(1) Carboxylic acid: We find two strong 
interactions of the carboxylic acid with R3107.40 
(-25.986 kcal/mol) and Y872.65 (-4.460 kcal/mol) 
on TM7 and TM2 respectively.  
(2) Sulfonyl group: We find the sulfonyl 
group forms a hydrogen bond with K762.54 (-
19.618 kcal/mol) on TM2. The sulfonyl group 
also has weaker interactions with M1123.32 (-0.148 kcal/mol) on TM3. 
(3) Benzene ring: We find the benzene ring is located between TM2 and TM3, 
interacting with residues such as V822.60 (-1.909 kcal/mol).  
(4) Indole ring: We find the indole ring interacts with residues on TM1 and TM2, 
including S802.58 (-1.961 kcal/mol), G231.39 (-0.447 kcal/mol), L84 (-1.764 kcal/mol). 
D. Comparison of Predicted Binding Mode to Mutagenesis Data: 
Previous SAR predictions led to a 1000 fold improvement in binding over the original 
lead compound (Ki: 800nM to 0.8 nM). Our predicted binding mode of the parent CPI (Figure 6) 
is in good agreement with experimental – site-directed mutagenesis data. There is little site-
directed mutagenesis data on the DP receptor; however, we can infer the function and 
Table 2. 20 most energetically favorable 
antagonist-receptor complexes based on complex 
total energy. 
Rank
WT 
Receptor
Complex Total 
Energy
Snap Binding 
Energy
1 1 -350.355 -56.932
2 1 -333.706 -53.726
3 1 -328.896 -45.712
4 1 -327.304 -46.562
5 1 -325.424 -47.122
6 9 -321.794 -49.971
7 1 -316.730 -50.203
8 6 -311.073 -52.798
9 1 -309.932 -48.027
10 1 -308.478 -48.528
11 1 -305.772 -46.135
12 14 -303.316 -53.360
13 6 -303.278 -50.381
14 1 -302.680 -48.189
15 14 -302.399 -53.725
16 9 -301.281 -49.251
17 14 -297.638 -52.620
18 14 -297.044 -53.203
19 14 -295.077 -56.505
20 14 -291.569 -53.700
Top 20 Antagonist-Receptor Complexes from Docking CPI 
Antagonist to Top Ranked SuperBiHelix Structures Based on 
Neutral Total Energies
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importance of critical amino acid residues based on the analogous residues on other 
prostaglandin receptors.  
Binding Site: The location of our binding pocket agrees with experimental data by Kobayashi et. 
al17 and the structure predictions of Li et al15, who concluded that the ligand binding pocket for 
prostaglandin receptors was formed by the TM1, TM2, and TM7 regions. They found that both 
TM-1 and TM-2 are involved in recognition of the ring component of the prostaglandin lipid 
compound while TM-7 is involved in recognition of the side chains. Li et. al15 also docked to the 
PGD2 agonist, finding strong interactions between the agonist and TM2 and TM7. Most notably, 
they found that the agonist forms strong hydrogen bonds between 9-OH of the cyclopentane ring 
and S3137.43, 15-OH of the ω  chain and S3167.46, and a strong salt-bridge interaction between 
1-COOH of the α chain and R3107.40.  Additionally, Li et. al15 found that the agonist binding 
disrupts the K762.54-S3167.46 hydrogen bond found in the apo structure, leading to the clockwise 
rotation of TM3 and counterclockwise rotation of TM7, which is probably characteristic of DP 
activation. While we did not dock our final selected receptor to PGD2 agonist, we find a similar 
binding region for the antagonist binding pocket, where TM2 and TM7 residues (e.g. - R3107.40, 
K762.54 , Y872.65) bind strongly to the antagonist on the extra-cellular end of the receptor (Figure 
6). This is consistent with studies done by Stitham et. al on hIP receptors26,27, which showed the 
binding pocket for the receptor is in the upper-half of the TM region.  
TM-2: We find that K762.54 binds strongly (~-20 kcal/mol) to the sulfonyl group and Y872.65 
binds (~-4.5 kcal/mol) to the carboxylate group on the antagonist. Kobayashi concluded that 
K762.54  on TM-217 is required for high affinity DP binding to the PGD2 endogenous ligand. We 
find a strong interaction between K762.54 and the CPI antagonist, which implies that this lysine is 
also required for high affinity DP binding to antagonist. Stitham et. al18  found that tyrosine at 
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the extra-cellular end of TM2 made up the immediate binding pocket cluster in the hIP receptor. 
The tyrosine on TM2 is conserved throughout the majority of the prostaglandin receptors, except 
for thromboxane receptors. The analogous tyrosine on the IP receptor Y872.65 was shown to be 
essential for proper receptor activation, when expression levels were measured experimentally. 
The interactions of the antagonist in our predicted binding mode with  K762.54  and Y872.65 is 
therefore consistent with the experimental data.  
TM-3: We find weaker binding of the antagonist M1123.32 (-0.148 kcal/mol) on TM3, where 
M1123.32 is universally conserved in the prostaglandin receptor family, implying its importance 
in receptor activation and function. Therefore, our predicted binding mode is consistent with 
experimental data from Stitham and Bell et. al30,31, who found that mutating M3.32 reduced 
ligand-binding and even protein-misfolding30. 
TM-7: We find a very strong interaction between the carboxylate on the antagonist and R3107.40 
(-25.986 kcal/mol) on TM7. This interaction between antagonist and R3107.40 seems likely, given 
the mutation data for the prostagladin receptors. Although no experimental data has been 
reported regarding the importance of R3107.40 for the DP receptor, this arginine is universally 
conserved and has been experimentally shown to be critical for interacting with the carboxylic 
acid on the Prostaglandin D2 ligand on the IP
18, EP219, EP320, FP21, and TP22 receptors. The 
asparagine (N7.49) on TM7 is typically involved in the 1-2-7 conserved interhelical interactions. 
This NPxxY structural motif seen in more than 95%23 of Class A GPCRs is not found in the 
prostaglandin DP receptor. The experimental analysis by Audoly and Breyer24 found that this 
aspartic acid (D3197.49) on TM7 does not participate directly in the receptor-ligand binding but 
can provide the receptor flexibility to undergo conformational changes. This is consistent with 
our predicted binding mode, where we find that D3197.49 does not directly participate in ligand 
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binding, but rather forms a strong hydrogen bond interaction forms during MD between S1193.39 
- D3197.49 (Figure 6, Figure 9). As suggested by previous agonist and antagonist studies on DP15, 
this could imply that movement of D3197.49 or displacement of TM7 with respect to TM3 is 
characteristic of receptor activation, where the inactive conformation has a strong hydrogen bond 
S1193.39 - D3197.49.  
E. Stability of Interactions During Molecular Dynamics: 
E.1 interhelical hydrogen bonds during MD. During the MD, we observed the following 
(Figure 7):  
• 1-2-7 Interaction: Initially, the hDP receptor has the N341.50- D722.50 – S3167.46 1-2-7 
hydrogen bonding network, where the N341.50- D722.50 interaction bond distance varies 
between 2.0 – 5.4 Å. This bond is further stabilized after 10 ns in MD, as the distance 
between the closest oxygen on aspartic acid and nitrogen on asparagine’s side chain remains 
between 1.6 – 2.7 Å from 10-100 ns. After 10 ns, there is also a slight increase in the bond 
distance between the closest oxygen on D722.50 and S3167.46 (Figure 7), where the bond 
distance varies from 2.8 – 4.8 Å in the first 10 ns and 3.1 to 5.2 Å from 10 – 100 ns. There is 
also little variation in the closest bond distance between D722.50 and K762.54, which remains 
between 2.4 – 3.1 Å through all 100 ns. As the average bond distance between the closest 
heavy atoms D722.50 and S3167.46 increases from 3.9 (0-10 ns) to 4.3 Å (10-100 ns), several 
other favorable interactions can account for this increase. Since D722.50 is anchored by 
favorable interactions with both N341.50 and K762.54, it is unable to move closer to S3167.46, 
which forms new interactions with the sulfonyl group on the ligand (Fig. 8, Section E.2).  
Additionally, there is little change in the bond distance between K762.54 – S3167.46, which 
remains stable between 2.5 to 3.5 Å through all 100 ns of MD. Therefore, in addition to the 
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key interactions with K762.54, namely K762.54 – S3167.46 and D722.50 – K762.54, we find that 
the 1-2-7 hydrogen bonding network, N341.50- D722.50 – S3167.46, predicted in our 
SuperBiHelix structures, remains stable throughout 100 ns of MD. The main difference in 
these interactions before and after 10 ns is the slight increase in bond distance between 
D722.50 and S3167.46, which can be explained by the new interaction of S3167.46 with the CPI 
ligand. 
• 3-7: Although our initial docked pose lacked the S1193.39 - D3197.49 interaction, we find this 
interaction stabilizes immediately during MD. In the first 10 ns of MD, we find the bond 
fluctuations decrease, as the distance drops from 4.5 Å to remain within 2.4-4.2 Å. The bond 
distance was measured by calculating the minimum distance in each frame between the 
closest oxygen on aspartic acid’s side chain and oxygen on serine’s side chain (two closest 
heavy atoms). In our extended 100 ns MD simulation, this bond stabilizes as the bond 
distance remains between 2.4 Å to 3.1 Å (Figure 7). Especially since prostaglandin receptors 
have a unique DPWxF motif and D(7.49) is fully conserved in the prostaglandin family, we 
expect the aspartic acid to be involved in activation, consistent with mutagenesis data above.  
The key change is that the S1193.39 - D3197.49 stabilizes further after 10 ns, indicating that 
this interaction is lasting in our predicted structures.   
• 6-7: We find that the salt-bridges remain mostly stable between TM6 – TM7 during 100 ns 
of MD. In addition to the salt bridge between R3077.37 - E3047.34 (residues unique to hDP 
receptor), we find a salt-bridge network between K2916.61 – D2926.62 - R2846.54 - D3057.35. 
Specifically, we find when the receptor loses K2916.61 – D2926.62 during MD (e.g. from 25-55 
ns), the receptor forms a new strong salt-bridge interactions with bond distance 2.5-3 Å 
between D2926.62 - R2846.54 and D2926.62 - E3047.34. Our final selected binding pose has the 
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following salt-bridge network: D2926.62 - R2846.54 - D3057.35, in addition to the R3077.37 - 
E3047.34 salt-bridge. We hypothesize that these specific salt-bridges are crucial for anchoring 
TM6 in the inactive conformation, especially since TM6 movement is characteristic of 
activation, as seen in rhodopsin and β2-adrenergic receptors
34.  
Therefore, compared to the SuperBihelix structures, we note that the protein-protein hDP 
interhelical bonds stabilize throughout MD. The key 1-2-7 interhelical bonds either grow 
stronger (e.g. N341.50- D722.50) or remain stable (e.g. D722.50 - S3167.46, K762.54 - S3167.46) 
throughout our extended 100 ns MD trajectory. This trend also holds when looking at the key 
interactions between TM3-7 and TM6-7 that are highlighted above. When comparing our MD 
trajectory from 0 – 10 ns to the extended trajectory from 10 – 100 ns, we note that the 
interactions continue to stabilize and that the bonds that seemed transient from 0 – 10 ns (e.g. 
S1193.39 – D3197.49), remain stable in the extended trajectory. 
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Figure 7. Trajectory analysis of hydrogen bonding among TM helices during 100 ns MD. The 
plotted distance is measured as the distance between two closest heavy atoms. We find that the 
1-2-7 interactions are mostly conserved during our MD trajectory. N34(1) – D72(2) distance, 
measured from the closest oxygen on Asp to nitrogen on Asn side chain, drops from 5.4 Å in the 
first ns to an average of 3.3 Å in the first 10 ns. From 10-100 ns, this bond distance stabilizes 
further to an average of 2.0 Å. D72(2) – K76(2) distance, measured as the distance between 
closest oxygen on aspartic acid to nitrogen on lysine’s side chain, ranges from 2.4 – 3.1 Å 
throughout 100 ns. There is little change in bond distance for D72 – K76 throughout MD, as the 
average bond distance is 2.64 Å from 0 – 10 ns and 2.70 Å from 10 – 100 ns. D72(2) – S316(7) 
bond distance, calculated as distance between closest oxygen at each frame from oxygen on 
serine’s side chain, ranges from 2.8 to 5.1 Å through 100 ns.  The average bond distance slightly 
increases from 3.9 Å in 0-10 ns to 4.3 Å in 10-100 ns (discussed in E.1). K76(2) – S316(7) bond 
remains stable as bond distance varies from 2.5 to 3.4 Å, where average bond distance is 2.73 Å 
from 0 -10 ns and 2.83 Å from 10-100 ns.  During MD, we find D319(7) forms a strong 
interhelical bond with S119(3), where bond distance is measured from the closest oxygen on Asp 
and oxygen on serine’s side chain. This bond distance, which varies from 2.4 – 4.2 Å in 0-10 ns, 
stabilizes as the bond distance ranges from 2.4 – 3.1 Å from 10-100 ns.  
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Figure 8. (A) Key receptor interactions with the CPI ligand stabilize during 100 ns of dynamics. 
The K762.54 – sulfonyl group bond distance, measured from the closest nitrogen on lysine to 
closest oxygen on the sulfonyl group, ranges from 3.3 to 6.8 Å.  The K762.54 – sulfonyl group 
average bond distance increases slightly from 4.3 Å from 0 – 10 ns to 4.8 Å in 10 – 100 ns. The 
distance between side chain oxygen on S191.35 and the closest oxygen on the carboxylic group on 
the ligand drops at the start of dynamics from 7.2 to 3.8 Å from 0.3 – 5.0 ns, before the bond 
stabilizes at an average distance of 5.0 Å from 30 – 100 ns. The bond distance between S3167.46 
and the sulfonyl group, measured from the oxygen on serine’s side chain to the closest oxygen 
on the sulfonyl group, stabilizes after 20 ns, where average bond distance drops from 4.4 Å 
between 0 – 20 ns to 3.1 Å from 20 – 100 ns. From 0 – 10 ns, S3137.43 forms a hydrogen bond 
with the sulfonyl group with average bond distance of 4.4 Å, when distance is measured between 
the side-chain oxygen on serine and the closest oxygen on the sulfonyl group. From 10 – 100 ns,  
S3137.43 forms a more favorable contact with the carboxyl group, with average bond distance 4.4 
Å from 10 – 100 ns, when measured between closest oxygen on carboxyl group and oxygen on 
Time (ns)
R310 7.40  - Water 
Bond Distance (Å)
Water - Carboxylic Acid 
Bond Distance (Å)  
19.2 - 50.0 3.0 - 7.0 3.2  - 7 .3
68.7 - 71.0 3.2 - 6.8 1.8  - 5 .7
71.6 - 73.4 3.1 - 6.2 3.0  - 6 .8
88.7 - 92.0 3.1 - 7.5 1.8  - 5 .4
B"
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serine’s side chain. As the average bond distance between S3137.43 and the carboxyl group drops 
from 7.4 Å in 0 – 10 ns to 4.4 Å in 10 – 100 ns, the average bond distance increases between 
S3137.43 and the sulfonyl group on the ligand from 4.4 Å in 0 – 10 ns to 5.2 Å in 10 – 100 ns.  
(B) Water-Mediated Interaction between R3107.40 on receptor and carboxylic group ligand. Bond 
distance is calculated by finding the minimum distance in each frame between the three nitrogen 
atoms on arginine’s side chain to the closest oxygen on the carboxylic group. The bond distance 
between R3107.40 and the carboxylic group on the ligand varies from 2.8 – 8.9 Å from 0 – 10 ns 
and 3.4 – 10.3 Å from 10 – 100 ns. Although the distance between R3107.40 and the carboxylic 
group ligand increases throughout MD from 5.7 Å in 0 – 10 ns to 6.9 Å in 10 – 100 ns, this 
interaction is still present and mediated by several water molecules that diffuse into the binding 
pocket. We have noted the time frames for four water molecules that mediate this interaction 
throughout MD. Bond distance was measured from closest nitrogen on arginine’s side chain to 
closest oxygen on the water molecule. For instance, between 19.2 – 50.0 ns, R3107.40 forms a 
stable interaction with a water molecule with bond distance between 3.0 – 7.0 Å, before the 
water molecule diffuses out of the pocket.  
E.2 receptor-ligand interactions.  During MD, we observed the following (Figure 5, Figure 6, 
Figure 7):  
 
OH
O
N
SO O
F
Cl
1
2 3
4
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Figure 9. Cyclopentanoindole (CPI) Merck ligand Regions: 1: Carboxylic Acid, 2: Sulfonyate 
group, 3: Benzene Ring, 4: Indole Ring 
(1) Carboxylic Acid: We find an interaction between carboxylic acid and R3107.40 that ranges 
from 2.7 to 10.3 Å (Figure 8B). Initially, in the first 10 ns of MD, we can explain the high 
variability in bond distance between R7.40 and the ligand ranging from 2.8 to 8.9 Å, by noting 
the interaction between R3107.40 and  L3067.36, which restricts the ability for arginine to form the 
salt-bridge with the ligand. For example, as the ligand-receptor complex equilibrates, we find 
that R3107.40 interaction with L3067.36 stabilizes to within 3 – 7.5 Å, which moves the arginine 
farther from the carboxylic group. At 9.5 ns, the bond distance between  R3107.40  and the 
carboxylic acid group drops to 4.2 Å. As MD is extended from 10 – 100 ns, R3107.40 is still able 
to interact with the carboxylic acid, as four water molecules during 19.2 – 50, 68.7 – 71.0, 71.6 – 
73.4, 88.7 – 92.0 ns mediate this interaction (Figure 8B). Therefore, although the measured 
distance between R3107.40 and the closest oxygen on the carboxyl group grows larger from 5.8 Å 
in 0 – 10 ns to 6.9 Å in 10 – 100 ns, this difference can be explained as the arginine residue is 
still able to interact with the carboxyl group on the ligand through a water-mediated interaction. 
We also find at the very start of MD a hydrogen bond forms between S191.35 and the carboxylic 
acid (Fig. 8A) on the ligand that stabilizes from 30 – 100 ns with an average bond distance at 5.0 
Å. The spike in bond distance at around 20 ns can be explained in that S191.35 temporarily forms 
a bond with Y872.65, before the bond between S19 and the ligand stabilizes through the rest of the 
100 ns. This interaction is of significance since S191.35 is almost fully conserved in the 
prostaglandin receptor family. The other key change in protein-ligand interactions is how 
S3137.43 interacts with the ligand. As noted in Fig. 8, initially, S3137.43, which is semi-conserved 
in the prostaglandin family, forms a hydrogen bond with the sulfonyl group with 4.4 Å from 0 – 
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10 ns. As the complex further relaxes in MD, at 19.4 ns, S3137.43 finds a new bond with the 
carboxylic group (Fig. 8A) as the bond distance drops to 3.5 Å, with this interaction stabilizing at 
around 5.2 Å throughout the rest of MD.  
(2) Sulfonyl Group: We find the interaction between K762.54 and the sulfonyl group on the 
ligand (Fig. 8A), found in our DarwinDock structures, stabilizes with bond distance ranging from 
3.3 to 6.8 Å. As mentioned in Fig. 8A, we note that the average bond distance between K762.54 
and the sulfonyl group slightly increases from 4.3 Å in 0-10 ns to 4.8 Å in 10 – 100 ns. The main 
reason for this slight increase is that the lysine is optimizing its interactions with D722.50 and 
S3167.46, which forms a new bond with the sulfonyl group on the ligand that stabilizes between 
18-20 ns. As the S3167.46 bond distance drops with the sulfonyl group on the ligand, the lysine is 
constrained by its interaction with S3167.46 , which is reflected in the slight increase in the K762.54  
- the sulfonyl group bond distance. This is the one of the largest differences in the MD between 0 
– 10 ns and 10 – 100 ns, as the distance between the side chain oxygen on S3167.46 and the 
closest oxygen in the sulfonyl group drops from 5.0 – 3.5 Å from 10.4 - 19.8 ns. This bond 
stabilizes through the rest of MD, with a mean distance of 4.7 Å. The strength and reduced bond 
distance of this interaction also explains why the D722.50 – S3167.46  bond grows weaker during 
MD, since the serine is anchored by favorable interactions with K2.54 and the sulfonyl group. 
Additionally, we also find the sulfonyl group forms stable contacts with F271.43, M1123.32, 
ranging from 3.5-6.5 Å, when measured from the closest oxygen on the sulfonyl group to the 
sulfur on methionine’s side chain, which is seen throughout the 100 ns of MD. These interactions 
are of relevance to other prostaglandin receptors, since F1.43 is semi-conserved and M3.32 is 
almost fully conserved in the prostaglandin receptor family.  
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(3) Benzene Ring: The benzene ring is located between TM3 and TM7. The benzene ring is 
surrounded by F1083.28, A1093.29, and L3097.39, where F3.28 and A3.29 are semi-conserved in the 
prostaglandin family. These interactions are also consisted with previously published binding 
modes between CPI antagonist and DP15. Also, we find that Y2.65 replaces its initial interaction 
with the carboxylic acid before dynamics with an interaction with chlorine, during the first 25 
seconds of MD. The tyrosine interaction with the ligand alternates during the MD between 
interactions with the closest oxygen on the carboxylic group and alternate favorable interactions 
with S191.35 and D101 on the EC2 loop region.  
(4) Indole Ring: The indole ring stabilizes in the 1-2-7 binding pocket and interacts with F271.43, 
L792.59, and S802.60. Within these residues, both L2.59 is unique to hDP, while F1.43 and S2.60 
are semi-conserved in the prostaglandin family. Thus, we expect that F1.43 and S2.60 will be 
part of the binding pocket for other receptors in the prostaglandin family. 
In summary, we note that the receptor-ligand binding of our docked structures improves 
through MD. Below we have summarized how MD improves the binding pose of our 
DarwinDock structures:   
• 0 – 10 ns: In our selected docked pose, we note interactions between R3107.40, Y872.65 
with the carboxyl group and K762.54, M1123.32 with the sulfonyl group on the ligand. In 
MD, R3107.40 bond distance with the carboxyl group varies from 2.8 – 8.9 Å, which can 
be explained by arginine’s interaction with L3067.36 from 7 – 10 ns. Y872.65 bond distance 
varies from 3.2 – 6.5 Å, which can be explained by the fact Y872.65 optimizes its 
hydrogen bond with S191.35 and moves closer to the benzene ring (distance measured 
from chlorine to side chain oxygen on tyrosine) to below 3.2 Å. In the first 10 ns of MD, 
we note that K762.54 interactions with the sulfonyl group stabilize with an average bond 
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distance of 4.3 Å.  As the bond distance between M1123.32 and the sulfonyl group starts at 
5.1 Å, this bond distance, measured between sulfur on methionine’s side chain with the 
closest oxygen on the sulfonyl group, fluctuates from 4.0 to 9.4 Å in the first 10 ns. This 
fluctuation can be explained by the fact that S3167.46 moves closer to the sulfonyl group 
from 5 – 10 ns with average bond distance of 4.7 Å, which alters M1123.32 bond distance 
with the sulfonyl group to minimize any steric clash. The two other key improvements in 
the receptor-ligand interaction is the formation of new hydrogen bonds that form and 
stabilize during the first ten ns of MD, including S3137.43 and the sulfonyl group with an 
average bond distance of 4.4 Å and S191.35 and the carboxyl group with average bond 
distance 4.4 Å.   
• 10 – 100 ns: In extending the MD from 10 – 100 ns, we find a couple key changes that 
further stabilize the protein – ligand binding.  First, we find S3167.46 forms a new 
hydrogen bond with the sulfonyl group on the ligand at around 20 ns, which maintains an 
average bond distance of 3.2 Å from 20 – 100 ns and further improves the favorability of 
the binding pose.  Second, we find that the hydrogen bond that formed between S3137.43 
and the sulfonyl group in the first 10 ns of MD grows weaker as the average bond 
distance increases from 4.4 in 0 – 10 compared to 5.1 Å in 10 – 100 ns. Instead, we find 
that S3137.43 forms a different hydrogen bond with the carboxyl group that stabilizes from 
30 – 100 ns, with average bond distance of 4.1 Å. In comparing the other receptor-ligand 
interactions, we find that although the physical distance between R3107.40 and the 
carboxyl group on the ligand grows larger, R3107.40 still interacts with the carboxyl group 
through four water molecules that diffuse in and out of the pocket through the extended 
MD trajectory (Fig. 8B). We note the newly formed hydrogen bond between S191.35 and 
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the carboxyl group from 0 – 10 ns is preserved from 10 – 100 ns, as it maintains an 
average bond distance of around 5 Å. The variability in bond distance for S1.35 can be 
explained by transient hydrogen bond interactions with Y872.65. The Y872.65 interaction 
with the carboxyl group on the ligand ranges from 3.5 to 8.5 Å and is maintained for 
parts of the extended trajectory. The major sources of variability for this interaction 
comes from the formation of transient hydrogen bonds with S1.35 and other interactions 
it forms with D101 on the EC2 loop region. The extended MD from 10 – 100 ns also 
preserves the hydrogen bond between K762.54 and the sulfonyl group, which maintains an 
average bond distance of 4.8 Å. Additionally, M1123.32, which optimizes its position in 
the binding pocket to minimize steric clash with S3167.46, maintains a bond distance of 
4.8 Å with the sulfonyl group on the ligand.  
Therefore, we find that MD indeed improves the ligand-receptor interactions on TM 2, 3, 7 
by stabilizing the existing interactions from the DarwinDock level including R3107.40, 
Y872.65, K762.54, M1123.32. Additionally, relaxing the receptor-ligand complex allows for the 
formation of multiple new favorable interactions including S191.35, S3137.43, S3167.46. 
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F. Comparison of Predicted Binding energies to Experimental Binding constants 
 
Figure 10. Predicted binding energies of cyclopentanoindole (CPI) and 4 derivatives, compared 
to the pKi values reported by Merck32,33. 
We find reasonable agreement between predicted binding energies (complex total energy) 
and experimental pKi values (Figure 10), when we docked the antagonist variants to the same 
position as 1 and minimized the bind site to one of the snapshots selected from MD.  
1: When we SCREAM14 and minimize the binding site, we find the first compound-receptor 
binding is most favorable, similar to experimental data (compound 1, Figure 10). Most 
prominently, we find strong interactions between the compound 1 and K762.54 (TM2) and 
R3107.40 (TM7) on the receptor. Our calculations predict that binding energies for the first and 
fourth compound are roughly comparable (∆Binding Energy = 2.2 kcal/mol) after SCREAM and 
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minimize, which is not consistent with the experimental data. We discussed below this disparity 
in our description of compound 4 binding. 
2: Comparing just the minimized binding site, we find that this binding pose has unfavorable 
contacts with F271.43, S802.58, L3067.36 contributing to a total increase in binding energy by ~30 
kcal/mol compared to the minimized complex with compound 1. When we SCREAM and 
minimize the binding site, we find a combined improvement of ~4.6 kcal/mol in the contacts 
between compound 2 and F271.43, S802.58, L3067.36 on the receptor compared to the minimized 
compound 2 receptor complex. This is the only antagonist-receptor complex, where our 
SCREAM and minimize procedure increased the complex total energy compared to the complex 
total binding energy from just minimizing the binding site. Part of this difference is explained 
from the change in binding energies between the minimized and SCREAM/minimized antagonist 
and the binding pocket residues on TM7. Particularly, SCREAMing on the binding pocket, 
improves interactions with L3067.36, L3097.37, S3137.43, S3167.46, I3177.47, at the cost of 
weakening the strong hydrogen bond interaction between R3107.40 for a change in binding 
energy by ~8 kcal/mol. 
3: After SCREAMing and minimizing the binding site, we find this binding pose loses its strong 
interactions between the ligand and K762.54, S3137.43, S3167.46 on the receptor, thereby 
contributing to a total predicted decrease in binding energy (compared to compound 1) by 24.4 
kcal/mol.  We find that the calculated decrease in binding is greater than the experimental 
decrease by a factor 526. A possible reason for this difference is that we did not re-dock the 
ligand so that the optimum-binding pose may change.  
4: This compound leads to the biggest inconsistency between experimental and predict binding 
mode. Comparing the binding energies after just minimization between compound 1 and 
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compound 4 receptor complex, we find a decrease in predicted binding of 12.7 kcal/mol 
compared to compound 1, because of the clash of the methyl group on compound 4 with V832.61 
on the receptor (~9.2 kcal/mol). But SCREAMing14 and minimizing the complex with compound 
4 mostly resolves this clash, which is expected since SCREAM optimizes rotamers with the 
worst clashes. Overall, this yields a complex compound 4 after SCREAMing and minimization is 
2.3 kcal/mol less favorable in binding energy compared to the corresponding complex with 
compound 1.  
5: After SCREAMing and minimization this binding pose led to unfavorable contacts with 
S802.58, while also losing favorable interactions with K762.54, S3137.43, S3167.46 (like compound 
3) thereby decreasing total predicted binding by 19.2 kcal/mol compared to compound 1. 
Compared to compound 3, we find that compound 5 has worse interactions with L792.57 and 
V832.61. Although our predictions do not match the precise experimental improvement of 
compound 5 compared to compound 3, we can explain the difference in predicted binding as due 
to not re-docking the ligands to the binding site.  
Overall, other than compound 4, we find a reasonable match between the predicted binding 
decrease and experimental binding decrease. Compound 3 and 5 have similar computational 
binding energies as do the experiments, while compound 2 is predicted to have greatly decreased 
binding to the protein, as in the experiments. Most notably, we find that: 
• modifying the sulfonyl group loses favorable interactions with the receptor on TM2 and 
TM7, notably K762.54 on TM2 and S3167.46 on TM7, leading to less favorable binding 
sites  
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• keeping the chlorine and fluorine substituents in the ligand is more optimal, since more 
bulky substituents at these positions cause clashes with neighboring residues on the 
receptor, leading to a more unfavorable binding mode.  
G. Advantages of an Ensemble Based Approach for Understanding Ligand Binding 
 
 
 
 
 
 
 
 
 
 
Figure 11. Superimposed binding site of 16th ranked SuperBiHelix structure based on previously 
predicted DP by neutral total energies (purple) on antagonist-receptor complex (gray) for 
selected receptor relaxed through dynamics. 
Generally, GPCR binding sites have high conformational flexibility. As Latorraca et. al54 
point out, the binding pocket may be highly flexible, even within a single conformation state as 
seen in the agonist-bound A2A receptor. Thus, docking to a single structure is limiting, since it 
underestimates the flexibility of the receptor binding pocket. A strength of GEnSeMBLE, 
compared to other methodologies including MembStruk15, is that it provides an ensemble of low 
energy structures, allowing ligands to select their preferred conformation from the ensemble. For 
instance, compound 2 (Figure 11) prefers the 16th structure from the ensemble. Although 
TM1 
TM7 
TM2 
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compound 2 has a highly unfavorable binding mode with the selected receptor from 
SuperbiHelix that has undergone dynamics (Figure 10), we find that compound 2 can bind more 
favorably to the 16th SuperBiHelix structure.  
The binding mode with compound 2 and the selected receptor that has undergone 
dynamics is particularly unfavorable (Figure 10) due to the clash between the antagonist and the 
residues on TM1 and TM2, namely F271.43, S802.58.  For the 16th ranked SuperBiHelix structure 
based on neutral total energies (Figure 11), we predict the antagonist would have more room to 
settle in the pocket, when comparing the relative positions of TM1 and TM2 in the binding 
pocket of the superimposed structures. Since TM7 is closer to the center of the binding pocket, 
we also anticipate that the R3107.40 residue, seen to interact with the antagonist in most of our 
receptor-ligand complexes would pull the antagonist towards TM7, thereby minimizing the clash 
of the ligand with TM1 and TM2, which are more spaced apart in the binding pocket. This would 
allow for a more favorable binding mode that minimizes steric clashes with TM1 and TM2.  
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H. New Insights into hDP Structure and Activation: 
We find that our current final binding mode has many of the same important interactions 
as DP-Li/T. Thus both have a similar stable 1-2-7 network N341.50- D722.50 - K762.54 - S3167.46. 
We find interactions of the ligand with K2.54 and R7.40, just as in DP-Li.  
An important structural improvement of our structure compared to the previous DP-Li 
model is in the stability of TM4 and TM5. Our DuplexBiHelix sampling found TM4 eta rotated 
angle by 270 degrees, thereby allowing the hydrophobic residues on TM4 to interact more freely. 
This rotation enabled TM4 to form other interactions with TM5. For instance, we found a stable 
bond formed during MD between Y1995.31 (semi-conserved in prostaglandin receptor family) and 
Y2035.35 and G1724.65. This is consistent with Martin et. al’s25 studies on the IP receptor where it 
was found that Y1995.31 comprises an aromatic cluster of residues that provide intra and inter-
helical stability for TM4 and TM5, thereby maintaining the receptor in an inactive conformation. 
This differs from DP-Li, where Y1995.31 faced outside the helical bundle, meaning it could 
interact with no other residues. 
DP-Li15 predicted a strong hydrogen bond between Q1223.42-D3197.49 that stabilizes the 
inactive conformation. In our current predictions, we find that Q1223.42 forms alternate 
interactions with TM2 and TM4. Within the first 1.5 ns of MD, we find that Q1223.42 forms 
interactions with S1604.53, S1574.50, and L642.42. These interactions stabilize to within 3 Å and are 
maintained during the 100 ns trajectory. Q1223.42 and S1574.50 are unique to hDP receptor and 
S1574.50and L642.42 are semi-conserved in the prostaglandin family. Therefore, we can expect 
these interactions only in hDP. Since TM334 movement is implicated in activation for rhodopsin, 
β2-adrenergic receptors, and other Class A GPCRs, we hypothesize these interactions stabilize 
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the inactive conformation, where activation is characterized by movement of TM3, thereby 
breaking bonds with TM2, TM4, and TM7.  
 
Figure 12
35,46. The group of interhelical interactions that switch partners upon activation in other 
class A receptors, namely rhodopsin, β2AR, and M2. The table on the right shows the conserved 
residues that characterize Class A receptors and their translation to the hDP receptor. 
We also compared the contacts present in inactive structures in other Class A GPCRs 
(Figure 12) with contacts found in hDP receptor, which has not been characterized before in the 
literature. We find many variants of hDP receptor compared to the other Class A receptors.  
We find that L1233.43 is within 3-5 Å of M2706.40 and T2716.41 throughout the MD 
trajectory, allowing it to form inter-helical contacts with both residues. L3.43, M6.40, and T6.41 
are all semi-conserved in the prostaglandin receptor family.  Also, we find a strong hydrogen 
bond between L1233.43 and S1193.39, which is also semi-conserved in prostaglandins.  
In other Class A GPCRs, activation is characterized by movement of TM3 and TM6 
along with the re-arrangement of specific hydrophobic residues36, specifically L3.43, F6.44, and 
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X6.40. We find L3.43 interacts strongly with S3.39, thereby anchoring S3.39 to interact with 
D7.49, an interaction implicated in stabilizing the receptor in the inactive conformation. We 
expect activation to be characterized by increasing bond distance of L3.43 and M6.40, T6.41. 
Since L3.43 has also been implicated in holding the receptor in the inactive state for other Class 
A GPCRs like CB1, β2-AR37,38, we propose mutation experiments with L3.43 to understand hDP 
receptor constitutive activity. 
We find M1263.46 makes an inter-helical contact with L2666.36 instead of L2676.37. We 
find M3.46 and L6.37 are fully-conserved, while L6.36 is semi-conserved. Since M3.46 is fully 
conserved in the prostaglandin family, we anticipate its inter-helical contact with TM6 is 
characteristic of activation for all receptors in the prostaglandin family. Unlike other Class A 
GPCRs, we find that hDP receptor lacks the 3-6 ionic lock, with a C1303.50 instead of R3.50. We 
find that C3.50 does not form an interaction with L6.37 (Figure 12). Instead, at the intracellular 
end, C3.50 has inter-helical contact with H2636.33, semi-conserved in the prostaglandin family.  
Another significant difference in hDP receptor is the DPxxF motif instead of the NPxxY 
motif on TM7, conserved on Class A GPCRs. In hDP, we find L6.36 has no contact with F7.53, 
unlike in other class A GPCRs where L6.36 interacts with Y7.53. Additionally, we find that 
M2706.40 has no interaction with D3197.49, which is typically N3197.49 in other Class A GPCRs. 
Instead, we find M2706.40 interacts strongly with L2666.36 and F2746.44, which is consistent with 
our understanding of the hydrophobic residue re-arrangement activation mechanism seen in other 
Class A GPCRs36. Also, we find a stable contact between F6.44 and D7.49, which has been 
shown to be uniquely involved in prostaglandin receptor activation24. Therefore, it is plausible 
that M6.40, L6.36, and F6.44 anchor the receptor in the inactive conformation, and their 
movement is characteristic of activation.  
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Additionally, the WxP motif in other Class A GPCRs aligns to S6.48XP on hDP receptor . 
We find that S6.48 interacts with F6.44. This interaction is significant since it has been shown in 
Rhodopsin, β2-AR, A2AR
39 that both residues are a part of a receptor “transmission switch”, 
where each residue movement is a part of activation. We also find that F6.44 forms an inter-
helical contact with D7.49. Since D7.49 is universally conserved in prostaglandin receptors and 
is implicated in activation24, we expect this contact is characteristic of the inactive conformation. 
We observe no interaction between F6.44 and A1.53, which is plausible especially since the 
prostaglandin receptor family has A1.53 instead of the conserved V1.53 in other Class A 
receptors (Figure 12). Hence, we hypothesize that mutation experiments with F6.44 and S6.48 in 
hDP receptor will increase receptor constitutive activity. 
V. Summary 
In summary, we report here four new results.  
One, we find a structure for the 3D protein-antagonist bound complex for the human DP 
GPCR that agrees well with experimental understanding of prostaglandin receptors and with DP-
Li15.  For example, the DP receptor has the highly conserved 1-2-7 hydrogen bond coupling 
between N341.50 – D722.50 – S3167.46. Our final structure was validated against published 
experimental mutagenesis analysis and with structure activity relationships of various antagonists 
with the receptors. Our calculations found interactions between the ligand and K762.54, R3107.40, 
Y872.65, S3137.43, S191.35, and other neighboring residues that contribute to stabilization of the 
binding pocket.    
Two, we report the DuplexBiHelix refinement of the SuperBiHelix procedure to ensure 
optimum 1-2-7 couplings for class A GPCRs. Many class A GPCRs have the conserved Asp2.50 
in the middle of TM2, with usually no nearby positive residue with which to form a salt bridge. 
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Thus, DuplexBiHelix, which first samples the 1-2-7 helices, can capture the important 
configurations that arise from the positive center interactions with Asp2.50. We anticipate that 
DuplexBiHelix will be useful predicting 3D structure of other GPCRs. 
Three, when the binding sites of various antagonists are selected from molecular 
dynamics, we find reasonable agreement in the binding energies between predictions and 
experiment. Our calculated binding modes show differences among antagonists in calculated 
binding energy based on steric clashes or loss of specific favorable interactions with the 
antagonist and residues on receptor. Further, this analysis highlights the strength in our 
ensemble-based approach compared to previous structural prediction approaches like 
MembStruk15, since it allows us to analyze the preferential binding of different ligands to other 
low energy receptors predicted in SuperBiHelix. We have reported these structures in the 
Supplementary Information section.  
Four, our predictions are consistent with previous suggestions for an activation 
mechanism15 in that the inactive structure has strong 2-7 and 3-7 interactions between K2.54 and 
S7.46 and between S1193.39 and D3197.49, respectively. We also find in our final DP structures 
other interactions involving hydrophobic residues (L3.43, M6.40, and F6.44) that seem to anchor 
the receptor in the inactive conformation. Mutation experiments with K2.54, L3.43, M6.40, and 
F6.44 may help elucidate hDP receptor activity.  
Overall, the data seems to suggest that the predicted 3D protein models are sufficiently 
accurate for further medication development of anti-inflammatory drugs for arthiritis, asthma, 
allergies, and cardiovascular disease.  
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The Predicted 3D Structure of Human DP 
Prostaglandin G Protein-Coupled Receptor Bound to 
CPI Antagonist, predicted using the DuplexBiHelix 
modification of the GEnSeMBLE method 
AUTHOR NAMES: Vishnu Shankar, William A. Goddard III
1*
, Soo-Kyung Kim, Ravinder Abrol, 
Fan Liu 
 
ABSTRACT: Prostaglandins play a critical physiological role in both cardiovascular and 
immune systems, acting through its interactions with 9 prostanoid G protein-coupled receptors 
(GPCRs). These receptors are important therapeutic targets for a variety of diseases including 
arthritis, allergies, type 2 diabetes, and cancer. The DP prostaglandin receptor is of interest 
because it has unique structural and physiological properties. Most notably, DP does not have the 
3-6 ionic lock common to Class A GPCRs.  However, the lack of x-ray structures for any of the 
9 prostaglandin GPCRs hampers the application of structure-based drug design methods to 
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develop more selective and active medications to specific receptors. We predict here 3D 
structures for the DP prostaglandin GPCR, based on the GEnSeMBLE complete sampling with 
hierarchical scoring (CS-HS) methodology. This involves evaluating the energy of 13 trillion 
packings to finally select the best 20 that are stable enough to be relevant for binding to 
antagonists, agonists, and modulators. To validate the predicted structures, we predict the 
binding site for the Merck cyclopentanoindole (CPI) selective antagonist docked to DP. We find 
that the CPI binds vertically in the 1-2-7 binding pocket, interacting favorably with residues 
R3107.40 and K762.54 with additional interactions with S3137.43, S3167.46, S191.35, etc. This 
binding site differs significantly from that of antagonists to known Class A GPCRs where the 
ligand binds in the 3-4-5-6 region. We find that the predicted binding site leads to reasonable 
agreement with experimental Structure Activity Relationships (SAR). We suggest additional 
mutation experiments including K762.54, E1293.49, L1233.43, M2706.40, F2746.44 to further validate 
the structure, function, and activation mechanism of receptors in the prostaglandin family. Our 
structures and binding sites are largely consistent and improve upon the predictions by Li et. al15 
that used our earlier MembStruk prediction methodology. 
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